Abstract-A multilevel frequency-selective surface (FSS) formed by a nonuniform distribution of circular holes on a metallic sheet is presented. The FSS is aimed at working as a planar lens to increase the gain of the feeding aperture. The unit cell of the FSS acts as a high-pass filter that provides the necessary phase shift to focus the beam on the far-field region. The phase shift is synthesized by suitably configuring the size and position of each unit cell in the FSS. The planar lens is placed next to the feeding aperture to confer the structure a low-profile shape. A prototype has been designed, fabricated, and measured. Results show an increment of 7.32 dB in the gain compared to the feeding aperture within a 7.33% bandwidth around 20.45 GHz, and a sidelobe level below −12 dB, with an aperture efficiency of 65% and a radiation efficiency above 90%.
Microwave Planar Lens Antenna Designed With a Three-Layer Frequency-Selective Surface I. INTRODUCTION M ULTIPLE-BEAM antennas have experienced a considerable growth in Ka-band satellite communications during the last years. The satellite capacity in this kind of architecture is considerably increased with respect to the traditional contoured coverages due to the reuse frequency scheme and the increased gain of spots [1] . In order to provide multiplebeam coverage, a large reflector is commonly employed while the feeder is physically shifted to point the radiation pattern towards the desired spot position on the Earth [1] . Contiguous spot beams require adjacent feeds, but since a high system performance requires a directive horn, feeds may overlap [1] . Consequently, other solutions must be envisaged.
A four-reflectors configuration is the most commonly adopted solution, e.g., the Ka-band Eutelsat system [2] . However, the high weight and cost of these systems have led to proposing alternative solutions that use only two reflectors. These solutions implement a multiple-feed-per-beam configuration by exciting several apertures at the same time at the expense of increasing the complexity of the feeding network [3] . Another solution implements a single-feed-per-beam architecture by using a frequency-selective surface (FSS) in front of an array of apertures. FSSs are periodic structures capable of improving the performance of an antenna at certain frequency bands or polarizations with a small increment of the structure's profile [4] .
A simple FSS is the so-called metallic hole array, whose unit cell is a perforated metallic sheet. This kind of FSS has been recently used to enhance the directivity of a circular aperture in the X-band [5] , or to design a multiple-beam antenna in the Kaband [6] . These proposals present good performance, but they suffer from narrow bandwidth, caused by the use of electrically small unit cells to form the FSS.
In this letter, the three-layer nonuniform FSS shown in Fig. 1 , based on the circular-hole unit cell described in [7] , is proposed. The FSS is aimed at working as a planar lens to increase the directivity of the feeding aperture by suitably compensating the phase of the incoming waves from the feeder. The bandwidth of the resulting planar lens is considerably increased with respect to previously proposed solutions by using large unit cells. An equivalent circuit model for the proposed unit cell that accounts for the large size of the unit cell is presented. A prototype has been fabricated and measured for validation.
II. UNIT CELL: EQUIVALENT CIRCUIT
The unit cell of the proposed nonuniform FSS is a perforated metallic sheet with period p and diameter of the central hole w [see Fig. 2(a) ]. Typically, the period of this kind of unit cell is below λ/2 [8] . However, in this letter, a larger period is used to increase the bandwidth of the unit cell.
Additionally, the number of layers determines the maximum phase shift that the unit cell can produce. Considering an optimized gap between layers (s) of 4.75 mm, i.e., λ/3 at 20.45 GHz, 1536-1225 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. • of phase shift, as demonstrated in [7] . Fig. 2 (c) illustrates the equivalent circuit of the three-layer unit cell. As can be observed, each layer is formed by a series capacitor and inductance, connected in parallel to an inductance. Note that this equivalent circuit is different from the conventional equivalent circuit for an inductive grid [8] since the grid's period is larger than λ/2. Fig. 3 shows a comparison between the full-wave simulation of a three-layer unit cell and its equivalent circuit [see Fig. 2(c)] .
The values of the lumped elements in the equivalent circuit have been determined with AWR [9], giving C 1,1 = 8.65 fF, (note that, even though results are provided for w = 0.9p to get a large bandwidth, the same trend is observed for other diameters). Therefore, the equivalent circuit for any period can be easily known, first calculating the lumped elements for two different periods, and then applying a linear regression to the obtained values.
The use of a large hole diameter w provides a large bandwidth, which, in turn, permits the use of the layered scattered approach [10] . This technique is based on shifting the frequency response of a filter so that, within a certain frequency range, the amplitude of the transmission parameter is kept constant, whereas its phase is changed.
In order to illustrate this technique, Fig. 5 shows the transmission parameter of a three-layer unit cell with several periods. As can be observed, from 19 to 22.7 GHz, the amplitude of the transmission parameter is kept above −2 dB for all periods, whereas the phase is shifted. Within the frequency range of interest, 19.7-21.2 GHz (see shadowed area in Fig. 5 ), a phase shift of up to 137
• can be obtained. A larger phase shift might be reached by increasing the range of periods or incrementing the number of layers [7] .
III. MICROWAVE PLANAR LENS
Microwave planar lenses are typically formed by receiving and transmitting antennas connected through a phase-delay mechanism [10] . The different elements are designed to achieve a certain field distribution on the transmitting face of the lens. This letter proposes a planar lens aimed at obtaining a uniform amplitude and phase-field distribution on the upper level of the lens to focus the beam on the far-field region [11] .
A sketch of the proposed planar lens is depicted in Fig. 6 . As it can be seen, the planar lens is illuminated by a square aperture with a spherical phase distribution. The size of the square aperture, obtained by widening a standard rectangular waveguide (WR-42) in the xz-plane, is 10.668 × 10.668 mm.
The proposed planar lens, shown in Fig. 1 , must compensate the phase shift caused by the different path length (ΔS = S 2 − S 1 ) of the incoming waves in order to produce a uniform phase distribution on the upper level of the lens. The maximum path length, determined by the extension of the lens and the distance between the lens and the feeding aperture (s l ), limits the maximum available bandwidth, as illustrated in Fig. 5 . Considering the phase shift produced by the different periods (see Fig. 5 ), a relationship between s l and the operating bandwidth can be deduced. Fig. 7(a) shows graphically this relationship for several numbers of rings around the central element (this letter only considers one ring, see Fig. 1 ). As it can be seen, the higher s l is, the larger the bandwidth is.
Nevertheless, the choice of s l must also consider the aperture efficiency of the lens (η ap ), which can be split into the illumination efficiency (η il ) and the spill-over efficiency (η s ) as: η ap = η il η s . If the area of the lens is approximated by a circle of diameter D (see Fig. 6 ), and the field radiated by the feed is assumed to be of type cos(θ) 2.5 for z <20 mm, the following formulas for η il and η s can be deduced [12] :
(1) Fig. 7(b) shows the aperture efficiency, calculated from (1) and (2). This figure indicates that for a diameter above 30 mm, the larger s l is, the higher the aperture efficiency results, which is mainly caused by the good illumination efficiency.
The aforementioned results illustrate that a very small separation s l (to minimize the profile) may degrade the response of the lens. In this letter, a separation s l = 9.5 mm has been chosen as a tradeoff between low profile, bandwidth, and aperture efficiency. This separation corresponds to a phase compensation between the central element and the surrounding elements of around 94
• , as shown in Fig. 8 (note that the center of the surrounding elements is located at, approximately, y = ±12 mm).
Additionally, a metallic ring is inserted at an intermediate level between the lens and the feeding aperture (see Fig. 6 ). This ring works as a stub that minimizes the leakage in the air gap between the lens and the square aperture.
IV. PROTOTYPE AND MEASUREMENTS
The proposed microwave planar lens has been designed to operate in the range 19.7-21.2 GHz. By examining the phase of the transmission parameter of the unit cell shown in Fig. 5 , an initial estimation for the size of holes [see Fig. 1(b) ] can be established in p 1 = 13 mm, p 2 = 8 mm, w 1 = 11.7 mm, and w 2 = 7.2 mm. Note that these values correspond to an infinitely periodic and uniformly distributed unit cell but, in Fig. 1 , cells are arranged along a circle. In order to correct this difference, an optimization becomes mandatory. To this aim, the period of the cells and the size of the stub have been optimized by a parametric study to maximize the directivity at broadside and minimize the sidelobe level. The optimized dimensions with s = 4.75 mm, w m = 2 mm, and t = 350 μm are: p 1 = 14.18 mm, p 2 = 9.98 mm, w 1 = 12.76 mm, w 2 = 8.98 mm, d s = 33.25 mm, w s = 1.94 mm, and h f = 2.5 mm, which means D = 38.14 mm. Fig. 9 shows the y-component of the electric field on the yzplane of the lens. As it can be seen, the absolute value is constant on the upper plane of the lens [see Fig. 9(a) ], and the phase is transformed from a spherical distribution in the gap between the feeding aperture and the lens (see Fig. 8 ) into a uniform distribution above the lens [see Figs. 8 and 9(b)].
The optimized planar lens has been manufactured for validation purposes. Fig. 10 depicts three pictures of the prototype, formed by three copper layers, a metallic ring working as a stub, and a foam frame to guarantee the air gap between layers.
The S 11 parameter of the microwave planar lens, plotted in Fig. 11 , shows that the proposed structure is well matched (S 11 < −15 dB) within the frequency range of interest. The radiation pattern of the microwave planar lens has been measured with and without stub at several frequencies. Results are compared in Fig. 12 to the measured radiation pattern of the isolated feeding aperture. As can be observed, the maximum directivity in the planar lens is increased 7.32 dB with respect to the maximum directivity of the isolated feeding aperture. The sidelobe level is −11.36 dB without stub and −13.69 dB with stub, which means an increment of 2.33 dB in the solution with stub due to the reduction of the lateral leakage. The average aperture efficiency of the planar lens within the frequency range of interest is 65%, which matches with the value predicted theoretically in Fig. 7(b) . Fig. 13 shows the measured maximum gain and the radiation efficiency of the proposed structure. As can be observed, the maximum gain is above 17 dBi at all frequencies and the radiation efficiency is above 90%. This high efficiency is caused by the use of low-loss materials in the prototype.
V. CONCLUSION
This letter presents a three-layer FSS working as a microwave planar lens from 19.7 to 21.2 GHz. A metallic ring is inserted in the air gap between the lens and the feeding aperture to minimize the lateral leakage. Measurements of the manufactured prototype show a good return loss level and a uniform maximum directivity and sidelobe level within the operating frequency range. The use of low-loss materials provides a radiation efficiency above 90%, whereas the good illumination of the lens gives an aperture efficiency of 65%.
